Primary liver cancers are rare in children, and the most common type is hepatoblastoma (HB), an embryonal tumor with histological features that resemble different stages of liver cell differentiation. However, mainly because of its rarity, molecular data on HB tumorigenesis remain scarce. This article reviews the current knowledge regarding genetic and epigenetic alterations reported in HB cases, with emphasis on the recent findings of next-generation sequencing studies.
Background
Cancer cells are characterized by the acquisition of several capacities during the stages of tumorigenesis [1] , including maintenance of proliferation signaling, inhibition of growth suppressors, resistance to cell death, induction of angiogenesis, activation of invasive and metastatic pathways, ability to evade immunological destruction and modification of cellular metabolism. These features are the outcome of the progressive accumulation of somatic mutations in key genes, a process that generally requires long periods of time [1] . In tumors of adults, most mutations triggering tumorigenesis are often due to DNA repair dysfunction due to aging as well as exposure to environmental factors such as cigarette smoke, chemicals and ultraviolet radiation.
Although neoplasia is rare in children, it is the leading cause of death among young people in developed countries. For example, in the United States, 15,789 children and adolescents (up to 19 years old) were diagnosed with cancer in 2014, and 1,960 died from the disease [2] . It is estimated that approximately 10% of all tumors in children are driven by inherited mutations, with a portion being associated with known genetic syndromes, such as Li-Fraumeni and Beckwith-Wiedemann, which confer an increased risk of developing certain types of tumors [2] .
Embryonal tumor, a subtype of pediatric cancer, is defined mainly by its presumptive origin from partially undifferentiated primordial cells that have undergone genetic mutations [3] . The major hypothesis of origin is based on the occurrence of signaling errors that prevent both cell maturation and differentiation during embryonic development. These molecular defects during organogenesis could lead to either malformation of the organ or development of an embryonal tumor.
This article reviews the current knowledge regarding the major genetic and epigenetic alterations that occur in the genome of hepatoblastomas (HBs), an embryonal liver tumor. We discuss novel genomic data for HB, with emphasis on the recent findings of next-generation sequencing and their implications for HB tumorigenesis.
Main text

Prevalence and clinical features of hepatoblastomas
Primary liver cancers are rare in children. HB is the most common type, representing approximately 1% of all cancers in this age group [4] . According to a US study [5] carried out between 2002 and 2008, approximately 10 of every one million children under one year of age are affected by HB. The diagnosis is based primarily on ultrasound and CT scan following detection of an increased abdominal mass; symptoms include anorexia, weight loss and pain [6] . An elevated level of α-fetoprotein (AFP), a major component of the carcinoembryonic proteome [7] , is considered a HB marker as well as a prognostic factor [8] .
Regarding histological features, HBs can be highly variable both within and between cases with epithelial and stromal components. The epithelial component can be embryonal or fetal, the stromal component is composed of connective tissue and even heterologous elements such as bone, cartilage and skeletal muscle are usually found. HBs are classified according to their components. Mixed stromal and epithelial subtype is the most common (approximately 44% of cases). Among pure epithelial, a combination of embryonal and fetal type epithelia can also be found in different proportions. Purely fetal HBs account for 31% of the cases, and embryonal type accounts for 19% of the tumors. Macrotrabecular tumors, which are infrequent and need to be distinguished from hepatocellular carcinoma (HCCs), and small cell undifferentiated type, account for only 3% of HBs, each [9] . An important aspect is the differential diagnosis between HBs occurring in elder children (>5 years old) and HCCs. In these cases, the presence of a stromal component, which is exclusively found on HBs, is a major feature to distinguish HCCs from HBs.
Between 1975 and 2010, childhood cancer mortality decreased by more than 50% [10] , and this statistic is also valid for HB, because most cases are responsive to chemotherapy, with reductions in both tumor mass and AFP serum levels. Indeed, preoperative chemotherapy can completely eradicate metastatic pulmonary disease and multinodular liver disease. A relevant milestone in HB was the risk stratification of patients that allowed differential treatments.
Historically, four independent groups proposed trials for HB treatment: the International Childhood Liver Tumor Strategy Group (SIOPEL); the Children's Oncology Group (COG), and its derived groups: the Children's Cancer Group (CCG) and the Pediatric Oncology Group (POG); the German Society for Pediatric Oncology and Hematology (GPOH); and the Japanese Study Group for Pediatric Liver Tumors (JPLT) [11] . All groups contributed to HB management collecting data that have been used to associate clinical characteristics with different disease outcomes. Some characteristics that predict for worse outcomes, the 'poor' prognostic factors, have been identified across groups, such as metastatic disease at enrollment [12] [13] [14] [15] ; however, some risk factors achieved statistical significance in certain group studies, while remaining non-significant in others [12] [13] [14] [15] .
A review published in 2014 [16] summarizes the studies carried out by SIOPEL trials, which in 1990 established the preoperative chemotherapy for all cases, and introduced radiology-based staging called PRETEXT (PRETreatment EXTent of disease). This first trial was called SIOPEL 1 and collected data about 194 patients during four years, investigating the role of the cisplatin/ doxorubicin combination chemotherapy [17] . The PRE-TEXT is based on pretreatment imaging with ultrasound and CT scans and/or magnetic resonance imaging, and describes the site and size of the tumor, invasion of the vessels and distant spread; the system identifies four PRETEXT stages (I-IV), which reflect the number of liver sections that are affected by the tumor [13, 18] . SIOPEL 1 data also showed that two risk groups could be distinguished: the standard risk patients, with resectable tumors and no metastases, and the high-risk patients, with either unresectable tumors and/or metastasis, or low AFP. Following, SIOPEL 2 (1994-1998) introduced a patient stratification for treatment based on the two risk categories; standard risk patients were treated with cisplatin alone to avoid the cardiotoxicity associated with doxorubicin, whereas high-risk patients were treated with the combination of cisplatin/doxorubin/carboplatin [19] . Other SIOPEL trials have occurred [20, 21] , and current trial is SIOPEL 6, with standard risk patients [22] .
The progress in the genomic research leads to the development of individualized strategies for the management of many types of cancer, based on specific biomarkers. However, in very rare tumors, like HB, the identification of biomarkers with impact on prognosis and treatment remains very challenging. Besides AFP levels, the main risk factors significantly associated with HB are clinical features. The Children's Hepatic tumors International Collaboration (CHIC) was launched to address the challenge of the development of biologic markers, and the identification of reliable prognostic risk factors for tailoring treatment, in very rare tumors, like hepatoblastomas. A centralized online platform merged data from eight completed hepatoblastoma trials with a total of 1,605 cases treated between 1988 and 2008 [23] . Using the resulting database, increased risk was detected for adverse disease outcome for PRETEXT IV tumors, macrovascular venous or portal involvement, contiguous extrahepatic disease, primary tumor multifocality, and tumor rupture. Risk factors associated with the worst outcome were higher age (≥8 years), low AFP (<100 ng/ml), and metastatic disease. The novel prognostic factors that were identified, as well as the established factors, will be used to develop a future common global risk stratification system.
Environmental and genetic risk factors
Although the etiology of embryonal tumors has not been fully clarified, evidence supports the hypothesis of failure in the normal process of differentiation during fetal or postnatal development [3, 24] . Several studies have investigated the role of environmental factors during pregnancy that could be causally related to HB development [5] , including pre-eclampsia [25] , maternal overweight condition during pregnancy [26, 27] , and treatment for infertility [26] . However, the only factor consistently associated with increased HB risk is low weight at birth [5] and prematurity [23] followed by tobacco consumption during pregnancy; the two latter may also be related to low weigh at birth [5] .
In adult tumors, the current simplified hypothesis of cancer origin is accumulation of somatic mutations acquired over time [28] . In contrast, the development of pediatric tumors occurs over brief periods, suggesting the existence of either genetic predisposition or highly penetrant somatic mutations in undifferentiated cells [29] . Indeed, some genetic syndromes present an increased predisposition for HB development due to the presence of germline mutations. These syndromic patients correspond to approximately 15% of all HB cases [30] . Familial adenomatous polyposis (FAP), a cancer predisposition syndrome caused by germline mutations in the APC gene, is associated with HB in children 0-4 years of age [30, 31] , with an estimated risk of HB development in FAP patients of 0.42% [32] . A study on 93 patients who developed HB published in 2005 identified eight (8.6%) cases in families with early-onset colon cancer or multiple colon polyps, features that suggest that FAP and APC germline mutations were present in these patients [33] . Interestingly, there was an apparent over representation of mutations in the 5' region of APC in these cases. Beckwith-Wiedemann syndrome is an overgrowth syndrome associated with predisposition to the development of embryonal tumors, including Wilm's tumor, neuroblastoma, adrenocortical carcinoma and HB [34, 35] . The relative risk of developing HB in this syndrome is 2-3 times higher than in the general population, and the underlying molecular defect is related to dysfunction of the imprinting mechanism at the 11p15.5 region, which contains the H19 and IGF2 genes [36] . The role of H19 and IGF2 in sporadic HBs (not related to genetic syndromes) has been investigated in some studies that seek to compare expression of these genes between HBs and normal liver [37, 38] . Two other syndromes of growth disorder that were already associated with HB are Sotos, caused by mutations or deletions of the NSD1 gene, located at 5q35 [39] , and SimpsonGolabi-Behmel, caused by mutations in the GPC3 gene, located at Xq26 [40] .
Interestingly, a few cases of HB have been reported in children with trisomy of chromosome 18 (Edwards Syndrome) [41] [42] [43] [44] [45] . Given the rarity of the two conditions, such findings suggest an etiologic association rather than a random occurrence.
Genomic alterations Cytogenetic findings
Whole-chromosome aneuploidy is a common feature of HBs; the most common gains affect chromosomes 2, 8, and 20 [16] , whereas the most frequent genomic loss is of chromosome 18 [16] . It is still not well established whether HB tumorigenesis is driven by changes in the copy number of genes mapped to these aneuploidies or whether such chromosomal changes already reflect mitotic errors inherent to HB development [46] [47] [48] .
Structural chromosomal rearrangements have also been observed in HBs, such as the recurrent translocation der (4) t (1;4) (q12;q34) in three cases described by Schneider et al. in 1997 [49] . At least one focal rearrangement, 2q24 gain, is a relatively frequent copy number alteration in HB genomes, correlating with tumor aggressiveness. Our group [50] has recently evaluated the pattern of chromosomal gains and losses in samples of sporadic HBs using array-CGH, and we delineated a critical region of 10 Mb at 2q24, which harbors several genes. Among these genes, DAPL1 and ERMN exhibited overexpression in HBs as compared to control livers, suggesting their potential relevance to this type of tumor.
Genetic findings and next-generation sequencing studies
Pediatric tumors harbor an average number of nonsynonymous mutations that is generally lower than the number detected in adult solid tumors, with approximately only 9.6 mutations per sample [28] . The proposed explanation for such a small number of mutations is based on two main assumptions. Firstly, pediatric tumors probably arise early from undifferentiated precursor cells, leading to tumor development in a short period [51] . Secondly, mutations in pediatric tumors would be more penetrant than those arising in adult tumors [52] .
In 1999, Koch and co-workers [53] studied a group of 52 tumors, reporting a recurrent mutation in CTNNB1, currently the most frequent mutation reported for HBs. The CTNNB1 gene, located at 3p21, encodes the cytosolic protein β-catenin, plays an important role in cell adhesion and communication [53] , and is also involved in Wnt signaling [54] . Wnt signaling is closely related to embryonic development, promoting cell growth and division (proliferation) and acting in cell differentiation. The CTNNB1 mutations reported in HB result in the absence of β-catenin degradation and migration to the nucleus, with activation of the canonical Wnt pathway in events not related to embryonic development [55] .
The AXIN1 and AXIN2 genes, downstream components of the Wnt pathway that also participate in the degradation of β-catenin, were reported to be mutated in some cases of HB [56] [57] [58] . In addition, mutations were described in the PIK3CA gene, and in growth factors of this signaling pathway, such as IGF2, showing altered expression in this tumor type [59] .
Next-generation sequencing (NGS) has greatly accelerated the identification of driver genes in cancer, including those related to HB tumorigenesis. Overall, the exome studies performed to date have revealed a very low frequency of somatic mutations in HBs (<5 mutations per tumor) even compared to other pediatric tumors [60] .
Jia et al. published [51] exome sequencing data from six HB samples, identifying 24 non-synonymous somatic mutations affecting 21 different genes. Among these mutations, they described a novel alteration in CTNNB1 (G512V), two different mutations in a proposed novel HB gene, CAPRIN2 (R968H/S969), and nucleotide changes in Ubiquitin ligase complex-related genes (SPOP, KLHL22, TRPC4AP and RNF169). In this work, the protein level of β-catenin was found to be increased in the nucleus of HB cells overexpressing CAPRIN2, both wild-type and mutant forms, indicating activation of the Wnt pathway. The authors also employed a shRNA-mediated loss-of-function screening strategy to identify potential cancer-associated genes, performing proliferation assays with HepG2 and HUH-6 cell lines. Knock-down of SPOP, OR5I1 and CDC20B significantly promoted proliferation in both cell lines, suggesting that although CAPRIN2 may be an oncogene, SHOP, OR5I1 and CDC20B could represent novel tumor suppressors in HB.
Three other HB exome sequencing studies [60] [61] [62] have been published. The first study on HBs was conducted by Eichenmuller et al. [60] , who investigated 15 samples of HB and three cases of an aggressive subtype of HB (HCC-like) that affects children over 5 years of age, and exhibits clinical and histopathological features that resemble hepatocellular carcinoma [63] . The authors described a relatively simple genome for HBs, with only~2.9 mutations per tumor, particularly affecting CTNNB1 (12/15 cases) and NFE2L2 (2/15 cases) genes. NFE2L2 encodes a protein recognized by the complex KEAP1/CUL3, which is active in proteasomal degradation.
The identified NFE2L2 mutations alter the structure of the protein, which is not recognized by the KEAP1/CUL3 complex and thus accumulates in the cytoplasm. Immunohistochemical analysis confirmed this effect, showing that NFE2L2 overexpression occurs in association with vascular invasion and metastasis. In addition to CTNNB1 and NFE2L2 mutations, the TERT promoter was found to be mutated in this tumor cohort, and deletions were detected in RAD17 and TP53.
Fujita et al. [61] reported a patient that had been with osteopathia striata, cranial sclerosis, and HB. A nonsense heterozygous mutation was identified in WTX (c.1045C > T p.Glu349), a tumor suppressor gene related to Wilm's tumor. The somatic WTX mutation identified in the HB was also present in peripheral blood DNA, indicating that a germline mutation was responsible for the syndromic signs, and probably associated with the HB development in this case.
A third study by Kosaki et al. [62] involved HB exome sequencing for a patient diagnosed with Simpson-GolabiBehmel syndrome. The authors detected a CTNNB1 somatic mutation (p.Ile35Ser), previously reported in HBs and other cancer types [44] . The patient was also carrier of a germline mutation in GPC3, a gene already known to cause Simpson-Golabi-Behmel syndrome. Changes in GPC3 expression have been associated with several forms of cancer. In particular, this gene is overexpressed in hepatocellular carcinoma [64] , representing an important diagnostic biomarker.
Epigenetics
DNA methylation is a major epigenetic control mechanism of gene expression that involves the addition of a covalent methyl radical to the cytosine carbon 5 via the action of DNA methyltransferase enzymes (DNMTs) [65, 66] . The methylation patterns in differentiated cells are generally Fig. 1 Major genetic and epigenetic findings in hepatoblastomas stable and inheritable during development. However, at least two events of overall methylation pattern reprogramming occur through removal of these epigenetic marks followed by new methylation [67] in both embryogenesis and gametogenesis. This reprogramming seems to have a crucial role in establishing differentiation potential of cells, as well as specific expression patterns in different tissues [68] . Aberrant DNA methylation patterns have been associated with several diseases, including cancer [69] . The anomalous methylation pattern often detected in tumor samples [70] [71] [72] are characterized by global hypomethylation, mainly affecting repetitive sequences, and specific promoter hypermethylation in early stages of tumorigenesis and throughout cancer progression [73] , as an alternative mechanism for tumor suppressor gene inactivation. To date, HBs have remained largely unexplored regarding DNA methylation profile, both in coding and repetitive sequences. Methylation studies have identified hypermethylation in several gene promoters, including MT1G, that showed a significant correlation with poor prognosis [73] ; RASSF1A, which plays a role as a tumor suppressor [74] , and SOCS1, CASP8, SFRP1, APC, HHIP and IGFBP3 [73, 75, 76] . Additionally, a high frequency of H19 gene inactivation has been reported in HBs, including promoter hypermethylation [77] .
A recent study [78] of HB evaluated the level of methylation of 33 differentially methylated regions subjected to imprinting. Compared to control livers, hypomethylation at specific loci was detected both in tumors and in the adjacent normal tissues, suggesting that hypomethylation may precede neoplastic growth. However, hypermethylation of INPP5, RB1 and GNASXL was observed as exclusive tumor events. This work also analyzed the level of methylation of the repetitive sequence LINE-1, which is usually hypomethylated in solid tumors. Except for a very low level hypomethylation in the first CpG of LINE-1, no significant differences were observed between HBs, adjacent normal tissues and normal livers. The authors suggested that the absence of LINE-1 hypomethylation could reflect a distinct mechanism for the development of embryonal tumors.
Comprehensive methylation studies of HB genomes are still required to clarify a possible link between HB tumorigenesis and changes in methylation.
Conclusions
The box below summarizes the main genetic findings already disclosed for HB (Fig. 1) . The paucity of genetic alterations can be explained using the most accepted model of the origin of embryonal tumors, which suggests that oncogenesis probably occurs in yet undifferentiated cells. Thus, fewer mutational events would be required in comparison to adult solid tumors, thereby exhibiting a type of "shortcut" for tumorigenesis.
Some current studies are focusing on strategies that could highlight common underlying events for both organ development and tumorigenesis. Such research lines seek to strengthen the hypothesis that embryonal tumors have an intrauterine/perinatal origin. However, full characterization of the mutational burden of HBs is warranted to define how these genetic and epigenetics changes may disrupt development and influence tumorigenesis.
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